pressed per unit thermal time, it also predicted the effects of variable night temperature on KNP.
was also obtained when N supply and water availability were variable.
and (ii) stress induced changes in rates of hormone
The relationship between KNP and PGR obtained for treatments in synthesis, flux, and/or turnover (Morris, 1996; Jones and which PGR was varied through plant density and shading also could Setter, 2000) . These alternative effects may work in predict KNP for conditions in which PGR was affected by water and/ or N deficiencies. The PGR during the critical period of kernel set parallel or in series with the assimilate supply in deis a good predictor of the capacity of the maize plant to set kernels termining kernel number under nitrogen or water stress under a wide range of environmental and management practices.
conditions. The hypotheses of this work were that (i) carbon assimilation is an acceptable predictor of kernel number fixation when nitrogen or water availability is variable and (ii) a curvilinear relationship between KNP M aize grain yield is closely associated with kernel and PGR obtained by varying PGR at flowering through number at harvest and this yield component is a plant density and incident radiation is valid when PGR function of the physiological condition of the crop durat flowering varies because of changes in nitrogen or ing the period bracketing flowering (Tollenaar, 1977;  water availability. Edmeades and Daynard, 1979; Kiniry and Ritchie, 1985;  The objective of this study was to examine the relaJacobs and Pearson, 1991; Otegui and Andrade, 2000) .
tionship between KNP and PGR during a period brackEarly kernel growth and development in maize is eting silking when plant growth was modified by nitrohighly dependent on assimilate supply from concurrent gen or water availability, and to compare it with that photosynthesis (Boyle et al., 1991; Schussler and West- obtained when plant growth was modified through varigate, 1991 varigate, , Zinselmeier et al., 2000 . This is probably ations in incident radiation per plant without nutrient the reason for the close relationship between kernel or water deficiencies. The goal was to explore whether number per plant (KNP) and plant growth rate during there was a common relationship between KNP and the period bracketing flowering (PGR) reported by sev-PGR when PGR was varied by nitrogen availability, eral authors (Tollenaar et al., 1992; Kiniry et al., 1997;  water deficits, shading, or plant density. This research Andrade et al., 1999) .
would benefit modelers to predict KNP under condiIn previous work, linear or curvilinear relationships tions of abiotic stress. between KNP and PGR were reported for maize grown without water or nutrient deficiencies (Tollenaar et al., 1992; Kiniry and Knievel, 1995; Andrade et al., 1999) . Andrade et al. (1999) reported that PGR at flowering
MATERIALS AND METHODS
The data were obtained from 11 experiments conducted at was a good predictor of KNP when plant growth rate the Instituto Nacional de Tecnología Agropecuaria Balcarce was affected by plant density, plant-to-plant variability, Experimental Station (37Њ 45Ј S, 58Њ 18Ј W, 130 m alt.) (Tables incident radiation or year effects. When PGR was ex-1 and 2). Data on a per plant basis in five of these experiments (1, 2, 3, 6a, and 6b) were derived from studies already published (Otegui et al., 1995; Uhart and Andrade, 1995b the Balcarce region were presented in Andrade (1995) . Maize was sown in mid-October. Plant density at harvest was 7.5 to Published in Crop Sci. 42:1173 -1179 (2002 . 
plants m

Ϫ2
. The experiments were each conducted with
The severe water stress treatment during the period bracketing flowering was imposed by limiting irrigation. The growing three to four replications. The size of the plots was at least four rows 0.70 m apart and 12 to 15 m long. Plots were fertilized season was particularly dry during December-January. The treatments applied in this experiment resulted in the relative with 30 kg P ha
Ϫ1
, with some variations among experiments, to provide adequate P nutrition. Weeds and insects were adevalues of water availability shown in Table 1 . Data from previous work with the same hybrid, in which quately controlled.
In Exp. 1, 2, 3, and 4, incident radiation and N or water PGR varied because of changes in plant density or radiation levels (Andrade et al., 1999) , were used as a reference and availability were variable (Table 1 ) and only one hybrid (Dekalb 636) was used. For the data used herein, radiation was are means of three or four replications. Plant density varied from 2.1 to 16.9 plants m Ϫ2 and shading level from 0 to 55%. varied in plots supplied with optimum N and water; and N and water availability was varied in nonshaded plots. Incident
In Exp. 5 (a, b, and c), 6 (a and b), 7, and 8, only N or water availability was varied and shading treatments were not radiation was modified during a period bracketing flowering (from approximately 1-2 wk before to 2-3 wk after flowering).
applied. Hybrids used in these experiments are indicated in Table 2 . These hybrids are similar in cycle length and are all Plots were shaded with black synthetic cloth of differing mesh, stretched above the crop on frame and wire structures. Relawell adapted to the Balcarce area. Exp. 5a, b, and c were conducted without irrigation in different years and consisted tive values of incident radiation ranged from 1 (nonshaded control) to 0.45 or 0.55 according to the experiment (Table of a combination of tillage (no till vs conventional tillage) and two levels of N fertilization (0 and 120-200 kg N ha Ϫ1 ) that 1). In Exp. 1, 2 and 3, N availability varied in nonshaded plots and soil water was kept at more than 50% of maximum soil resulted in the relative N and water use values indicated in Table 2 . In these experiments, plots were limited by N availavailable water during the entire growing season by irrigation (Table 1 ). The treatments without N deficiency received 180 ability, by water availability, or by both. Within each experiment, relative N uptake until 3 wk after flowering for the kg N ha Ϫ1 (Exp. 1 and 2) or 6 g N plant Ϫ1 (Exp. 3) and the relative N uptake until 3 wk after flowering for these treattreatment corresponding to conventional tillage with fertilization was maximum and is indicated as 1 in Table 2 . Nitrogen ments is indicated as 1 in Table 1 . Within each experiment, N uptake for the treatments with less N availability because uptake for other treatments was expressed relative to this value. Average evapotranspiration for the period bracketing of reduced N fertilization rate or N immobilization was expressed as relative to that shown by the treatment without N flowering was greatest in Exp. 5b (4.4 mm d Ϫ1 ), intermediate in Exp. 5a (4.0 mm d Ϫ1 ), and least in Exp. 5c (2.0 mm d Ϫ1 ). deficiencies. More details about these experiments can be found in Uhart and Andrade (1995a,b) . In Exp. 4, two water
Water use values during the period bracketing flowering were expressed relative to the maximum water use observed in availability levels were imposed on nonshade plots without N deficiencies: a control and a severe water stress treatment.
Exp. 5b. This last experiment received the greatest amount of precipitation during that period. In Exp. 6a, 6b, 7, and Drip irrigation was applied to the control treatment to keep plant available soil water at more than 50% of its maximum 8, different water regimes were imposed during the period bracketing flowering and N was not limiting growth. In control in the first meter of depth during the entire growing season. treatments, soil water was kept over 50% of maximum plant available water in the first meter of depth during the entire 6 were presented in Otegui et al. (1995) . rated in stemsϩsheathsϩtassels, leaves and ear (when visible), was explained by the equation fitted to data obtained with oven-dried (with air circulating at 60ЊC) to constant weight, variable incident radiation was calculated for Exp. 1 to 4. A weighed, and ground to pass a 1-mm mesh screen. These data similar analysis was done for the sources of variation in Exp. were used to calculate mean PGR during the period bracketing 5 a, b, and c. Similarly, the variation produced by the N and/or flowering. PGR values were also expressed per unit thermal water treatments that was explained by the reference equation time (growth rate divided by t Ϫ t b , in which t is mean day was calculated for Exp. 1 to 4 and for Exp. 5 to 8. In the temperature and t b is the base temperature for maize, 8ЊC) to reference equation, predicted KNP was taken as 0 for PGR account for possible differences in the duration of the critical lower than the threshold PGR value for kernel set. period for grain number determination. Mean temperature A separate analysis was performed on data from Exp. 1 to for the period bracketing flowering was 20.5 Ϯ 0.8ЊC.
4. First, an equation was fitted to all KNP-PGR data from Grain and total dry matter yields (dry weight basis) were these experiments (reduced model or single-equation fit) and determined at physiological maturity by hand harvesting all the residual sum of squares was calculated. Second, two equathe ears from 7.15-m length of the two center rows of the plot tions were fitted, one to data obtained with variable N/water (10 m 2 ). Individual kernel weight was determined for each and the other to data obtained with variable incident radiation experimental unit by weighing two representative samples of (full model or two-equation fit) and their respective residual 500 kernels each. The number of kernels per plant was calcusums of squares were calculated and added. Finally, a F-test lated on the basis of grain yield, individual kernel weight, and was performed to determine the adequacy of the single-equaplant density and related to PGR. tion fit to explain variation in KNP compared to the twoWhen nitrogen availability was variable, N concentration equation fit (Gallant, 1987) . The test was in plant tissues was determined following Method A (without salicylic acid) reported by Nelson and Sommers (1973) . Nitro- where q is the difference in number of parameters between was calculated for all treatments.
the two models, p is the number of parameters in the full When water availability was a treatment variable, soil water model, and n the total number of observations. The numerator content was measured weekly, gravimetrically in the upper indicates how much the error was reduced for each parameter soil layer ( formed to compare the effects of nitrogen and water deficiencActual crop water use was calculated with a hydrological balies in Exp. 5a, b, and c. ance model (Dardanelli et al., 1991) . In Exp. 7, water use values were calculated as the amount of irrigation provided to each pot.
RESULTS AND DISCUSSION
Relative values of KNP were used in Exp. 5a, 5b, 5c, 6a, 6b, 7, and 8 to eliminate differences in potential kernel number
The relationship between KNP (uppermost ear) and among the different hybrids. In the experiments conducted PGR obtained in previous studies with hybrid Dekalb with hybrid Ax 777 (5a, b, and c), a value of 1 for KNP was 636 was used as a reference data set (Fig. 1) . Parameters given to the N fertilized treatment under conventional tillage in the wetter year (control treatment). Other values were expressed relative to this control. In the experiments conducted with hybrids SPS 240 (6a and b), Dekalb 636 (7) and Dekalb 639 (8), a value of 1 for KNP was given to the irrigated control treatments. Within each experiment, the value of KNP for the rest of the treatments was expressed relative to their respective control treatments. The reference data in which PGR varied because of plant density, shading, and year effects (Andrade et al., 1999) were also expressed as relative values, and a value of 1 for KNP was given to the average PGR value shown by the control treatment (8.5 plants m Ϫ2 , no shading, October planting).
Data from each experiment were analyzed by ANOVA procedures. Appropriate standard errors of the means were calculated. Inverse (KNP ϭ a ϩ b/PGR) and rectangular hyperbola {KNP ϭ a(PGR Ϫ b )/[1 ϩ c(PGR Ϫ b )]} equations were fitted (Jandel Tablecurve, 1992) to the data from Exp. 1 to 4, to the data from Exp. 5a, b, and c, to the data from Exp. 5 to 8 (with KNP expressed in relative values), and to the reference data (with KNP expressed both in relative and absolute values). The PGR values were expressed per unit time and per unit thermal time. In Exp. 1 to 4, different equations were fitted to data obtained with variable N/water supply and to data obtained with variable incident radiation. In Exp. tests. The variation produced by the N/water treatments that not provide a significantly better fit than a single equagrowth rate varied because of plant density, incident tion for all the data combined (reduced model or singleradiation, or year effects (Andrade et al., 1999) . The equation fit) (F ϭ 0.51; P Ͼ 0.5). Accordingly, the pageneral features of this relationship are (i) kernel numrameters of the equations that fit the data obtained ber per plant responded to increases in plant growth, at different levels of N or water availability did not (ii) at PGR greater than 4 g d
Ϫ1
, increases in growth significantly differ (P Ͼ 0.05) from those that fit the rates produced only small increments in kernels per data obtained at different radiation levels. For example, uppermost ear, and (iii) a threshold value of PGR of parameters a and b of the inverse equation were 539 Ϯ approximately 1 g d Ϫ1 for kernel set. Similar relation-37 and Ϫ517 Ϯ 79 for data obtained at different levels ships between KNP and PGR were reported by Edof N or water availability and 598 Ϯ 48 and Ϫ757 Ϯ meades and Daynard (1979) and Tollenaar et al. (1992) .
130 for the data obtained at different radiation levels. The KNP and PGR values obtained in Exp. 1 to 4
When data from these experiments were expressed on (variable incident radiation and variable N or water a per unit ground area basis, variable radiation and availability) are shown in Fig. 2 . Shading and N or water variable N also produced similar effects on the relationdeficiencies significantly reduced both KNP and PGR.
ship between kernel number and growth (Uhart and An inverse or rectangular hyperbola model accurately Andrade, 1995b). described the relationship between KNP and PGR when
The equations fitted to the reference data explained N and water availabilities were variable or when inci-74% (P Ͼ 0.01) of the variation observed when N and dent radiation was variable (Fig. 2) . For these experiwater were variable in Exp. 1 to 4. With only one excepments, the inverse or the rectangular hyperbola equation, the parameters of the inverse and rectangular hytions fitted to the data obtained at a range of radiation perbola equations fitted to the data of these experiments levels explained 72% of the variation in the data obdid not differ (P Ͼ 0.05) from those obtained for the tained at different levels of N or water availability. Moreover, two different equations, one for data with reference data, even though the range of the x variable water were variable in Exp. 5 through 8. Moreover, the values obtained from these experiments fell within the In Exp. 5a, 5b, and 5c, both N and water availability were variable. Inverse or rectangular hyperbola models 95% prediction interval of the equation that fit the reference data. The PGR, expressed per unit thermal time, described accurately the relationship between KNP and PGR, and the effect of reducing N availability was simihas been shown to be a good predictor of KNP (Andrade et al., 2000) . However, the relationship was not imlar to the effect of reducing water availability or both N and water availability (Fig. 3) . The inverse equation proved when PGR data were expressed on a thermal time basis (Fig. 4b) . This is probably because average fitted to the data obtained at different levels of water availability explained 93% of the variation in the data temperature during the period bracketing silking varied less than 2ЊC among the different experiments presented obtained at different levels of N supply. Similarly, the inverse equation fitted to the data obtained at different in Fig. 4 . When KNP was expressed as relative values and PGR in thermal time units, the reference equations levels of N supply explained 86% of the variation in the data obtained at different levels of water availability.
fitted to the reference data explained 73% of the variation observed when N and water were variable in Exp. Moreover, two different equations, one for data with variable N and the other for data with variable water 5 through 8 (Fig. 4b) . Moreover, the values obtained from these experiments fell within the 95% prediction availability (full model or two equation fit) did not provide a significantly better fit than a single equation for interval of the equation that fit the reference data (Fig. 4b) . the data combined (reduced model or single equation fit) (F ϭ 0,43; P Ͼ 0.5). The parameters of the equation These results show that (i) PGR was a good predictor of KNP when nitrogen and water supply were variable; that fit the data for variable N did not statistically differ (P Ͼ 0.05) from those of the equation that fit the data for (ii) the relationship between KNP and PGR found when plant growth was modified by nitrogen and/or water variable water or for variable N and water. Parameters a and b of the inverse equation were 667 Ϯ 19 and Ϫ705 Ϯ supply was similar to that obtained when plant growth was changed by variations in plant density and incident 53 for data obtained with variable N supply; 699 Ϯ 41 and Ϫ837 Ϯ 124 for data obtained with variable water radiation, and (iii) the effect of reducing N availability was similar to the effect of reducing water availability. availability; and 699 Ϯ 42 and Ϫ862 Ϯ 101 for data obtained with variable N and water availability.
Thus, the objective of this study was accomplished since a common relationship between KNP and PGR could The KNP-PGR data from Exp. 5 to 8, in which N and water availabilities were variable, are shown in Fig. be used to predict the effect of water deficits, nitrogen stress, plant density, and incident radiation on kernel set. 4a. The KNP data were expressed as relative values within a hybrid to exclude differences in potential kernel
The PGR during flowering is a good predictor of KNP because it is correlated to growth of reproductive number among the hybrids. These data were accurately described by the inverse or rectangular hyperbola equastructures (Andrade et al., 1999) and because early seed development and kernel set in maize appears to be tions fitted to the reference data also expressed as rela-highly dependent on a continued supply of assimilates
In conclusion, PGR during a period bracketing silking, taken as an indicator of the amount of carbon availfrom concurrent photosynthesis (Zinselmeier et al., 2000) . Stress induced abortion is at least partially mediable to the plant, is a good predictor of the capacity of the maize plant to set kernels under a wide range of ated by assimilate flux to reproductive structures at flowering (Boyle et al., 1991; Schussler and Westgate, environmental and management practices. 1991) , which is correlated with total plant assimilate production. Supporting this statement, studies of stress- ovules are crucial to kernel set in conditions of low water availabilities (Reed and Singletary, 1989; Boyle REFERENCES et al., 1991; Zinselmeier et al., 1995a) .
Direct effects of N or water deficiencies on spikelet grains set per unit of dry matter allocated to the ear
